Introduction
The element fluorine has been discovered by Henri Moissan in 1886 but the field was slow to grow initially. Recent scientometric studies [SCHUBERT, 1997; SCHOFIELD, 1999] show that fluorine research has become a fast growing field and thousands of 132 Scientometrics 78 (2009) articles in the field are produced annually covering a variety of multidisciplinary and inter-disciplinary issues. To the extent that the publishing of a subject specific journal marks the institutionalization of a new scientific field fluorine research saw its institutionalization process during 1971 when the Journal of Fluorine Chemistry was launched by Elsevier, Amsterdam.
The element fluorine played a distinctive technological role historically. Examples include the development of freons for the purpose of refrigeration in the 1930s, fluorine's role in the Manhattan project and after that its contribution to a number of fields including the fields of fluoropolymers, pharmaceuticals, agrochemicals, materials science and others. The Moissan prize was created after the Centennial 1986 Paris Symposium to commemorate Moissan's isolation of elemental fluorine in 1886, and to stimulate research in the fields of fluorine chemistry. It has been said that "the beginning of the 21st century, can authentically be considered a "renaissance" period for the field of fluorine chemistry" [DOLBIER, 2005] .
In South Africa fluorine research has been identified as a priority area in the country's National R&D Strategy [DST, 2002] . Moreover the South African Nuclear Energy Corporation (NECSA) is embarking in an effort to build a 30,000 t/y hydrogen fluoride (HF) and aluminium trifluoride (ATF) plant. It is estimated that around 60% of plant's production would be used in South Africa's aluminium, stainless steel, and petrochemicals and future refrigeration industries. Around 40% could be exported as high-value speciality and performance fluoro-chemicals.
The objective of this investigation is to assess the performance of South Africa in the field of fluorine research. The results of the investigation could guide future directions for fluorine research, they could identify centres of expertise nationally where new research chairs could be incorporated, they could identify international centres of expertise to be utilised for collaboration and of course the results of the investigation could be used for inter-temporal benchmarking of fluorine research in South Africa.
More specifically the investigation aims to identify the performance of South African research in the field of "fluorine" over a period of ten years, in comparison to other scientific fields in the country (e.g. chemical engineering; inorganic & nuclear chemistry etc.) and in comparison to similar research in four comparator countries (i.e. Malaysia, Australia, Germany, Italy). In this context the centres of expertise in South Africa are identified in an objective way as well as the country's international collaborators.
Methodology and sources of information
Fluorine research is a multidisciplinary and inter-disciplinary endeavour. The variety of scientific fields affecting and contributing to fluorine research dictate that the information platform to be used for the identification of the relevant South African 133 research articles should be multidisciplinary and geographically diverse in order to allow comparisons of the South African performance in different scientific disciplines and with the performance of a number of comparator countries. An additional requirement is that the databases should include the addresses of all co-authors (and not only of the first author) in order to permit identification of collaborative patterns and in order to identify all articles with a South African co-author and not only those with a South African first author.
In comparison to other fields of science and technology there is no readily available subject database or system for fluorine research. For example, there is only one journal dedicated to fluorine-science and it is almost impossible to identify a priori a fluorinescientific community. Furthermore assessment through "peer-review" is particular difficult because South Africa is a scientifically small country [POURIS, 1988] and vested interests have the potentials to bias any analysis. Furthermore it is doubtful that any one individual could express an informed opinion about fluorine research across a number of disciplines and a number of countries. Consequently, the only way to assess fluorine research is through keywords scientometrically.
The ISI databases (Science Citation Index Expanded, Social Sciences Citation Index and Arts and Humanities Citation Index) were identified as the most appropriate for the objectives of the investigation. The combined databases cover comprehensively the most prestigious journals in the world in all fields of research endeavours and constitute a unique information platform for the objectives of this effort. While the ISI databases are among the most comprehensive sources of readily accessible information on national research outputs, they have certain limitations that have been discussed extensively in the literature [OKUBO 1997; COZZENS 1989; CARPENTER & NARIN, 1981; GARFIELD 1979] . However, in South Africa there is an effort by the educational authorities and the Universities administrations to publish mainly in the ISI journals. Hence, although a degree of incompleteness in coverage may exist, the majority of research in the field will be captured in the ISI databases.
The identified platform has been interrogated firstly for the identification of South African authors publishing in the field of fluorine-research during the last ten years and secondly for fluorine research in countries used for benchmarking purpose and research centres.
The relevant articles were extracted using text supplied "fluorine-keywords" and combinations of relevant terms. The relevant "fluorine-words" were those constructed by the stem -fluoro; fluorin; and fluoride. Similarly the following combined terms were used as stems: hypofluor; polyfluor; perfluor; organofluor; oxyfluor; electrofluor; alkylperfluo; benzotrifluor; trifluor; sulphurfluor; polytetrafluor. The choice of the Scientometrics 78 (2009) complex stem-words is based on the frequency of their appearance in a number of review articles [GAMBARETTO, 2004; HAGENMULLER, 2001; TATLOW, 1999; SCHOFIELD, 1999] .
The developed database was analyzed in order to identify South African researchers who publish research related to fluorine; the institutions in which those researchers are engaged; their co-authorship patterns with other countries and institutions; the scientific field representation of the country's research; and trends over time.
The results of the analysis were compared with the performance of four other countries i.e. Malaysia, Australia, Germany, Italy. The four countries were chosen among those used for benchmarking exercises by the South African Department of Science and Technology and those which collaborate with South African institutions. Table 1 shows the number of fluorine publications with at least one author with South African address. The period covered is from July 1996 to June 2006 and hence the years 1996 and 2006 are partially covered. It becomes apparent that South Africa produces on average 81 relevant publications per year. Table 2 shows the number of South African publication in a number of scientific specialities and in fluorine research during the period 2000-2004. It should be mentioned that fluorine research is identified on the basis of key-words while the other disciplines are journal based. During the period South African researchers produced 19,397 publications hence in comparison the number of publications in the selected disciplines are relative small. Table 3 shows the institutions which produce fluorine research. The table shows the top (most prolific) institutions in the country. It becomes apparent that the top institutions in the field are the Universities of Witwatersrand and Pretoria having produced 17% and 15% of the fluorine publications respectively. However, even in these top institutions the number of research publications per year (around 12 articles) is small.
Fluorine research in South Africa
In order to identify the relevant linkages of South African universities with institutions abroad we examined collaborative patterns in greater detail. We set as threshold at least three collaborative publications during the period and we received the following linkages:
• Table 4 shows the disciplinary character of the fluorine based research produced in South Africa. Biochemistry & molecular biology and plant sciences are the top scientific fields contributing 8.1% and 7.7% of the relevant publications respectively. The field of dentistry/ oral surgery & medicine contributes 5.3% of the fluorine research in South Africa. The debate around water fluoridation (water fluoridation was introduced during 2003 in the country) is the contributing force behind the interest for publications in the field. Opponents of water fluoridation have even argued that such an action is unconstitutional. The table shows that fluorine research in South Africa revolves around life sciences related disciplines. Table 5 shows the countries with which South Africa collaborates in researching fluorine issues. The USA and Germany are identified as the countries with which SA collaborate in the production of their research. The two countries appear in 14.3% and 8.9% of the articles respectively. Identification of the specialisation in fluorine research of the top South African universities indicates that the University of Witwatersrand specialises in fluorine research related to microbiology and infectious diseases, the University of Pretoria in dentistry and veterinary sciences and the University of Cape Town in biochemistry and molecular biology. However all universities produce a relative small number of publications which are the result of a small number of researchers in the field. Furthermore it should be emphasised that the identified priorities are "revealed" ones in the sense that universities do not decide explicitly to emphasize particular area of fluorine research but their academics make choices and the table reveals the aggregate results of those choices. The emphasis on life sciences becomes also evident at this level of detail. 
Fluorine research in Germany, Malaysia, Australia and Italy
In this section I map fluorine research in four countries with which South Africa compares itself or/and collaborates with. The countries are Germany, Malaysia, Australia and Italy. For each country I identify the number of their research publications, their most prolific institutions in the field of fluorine research and the disciplinary character of their fluorine research. Table 7 shows the number of publications related to fluorine research produced by institutions in Germany, Malaysia, Australia and Italy. Germany produces above 3000 related publications per year with Italy following with 1400 publications per year and Australia with approximately 700 publications per year. Malaysia is producing the smallest number of research publications related to fluorine among the four comparator countries. Table 8 shows the most prolific institutions involved in fluorine research and their relevant outputs in the four countries under examination during the period (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . Table 9 shows the disciplinary character of fluorine research in the four countries. In Germany biochemistry & molecular biology and chemistry -physical are on top of the list contributing 11.7% and 7.7% respectively of the total effort. In Malaysia emphasis is placed in crystallography (17.02%) and chemistry-inorganic & nuclear (10.28%). Australia emphasises biochemistry & molecular biology (10.48%) and Italy biochemistry & molecular biology (12.69) and almost to the same extent oncology (11.27%). The absence of the field of dentistry/oral surgery & medicine from the list of the most prolific disciplines in the examined countries is worth noting. All four countries appear to collaborate to a large extend with the same countries abroad. Germany collaborates with USA (11.0%), France (3.9%), England (3.6%) and Russia (2.8%). Malaysia collaborates with P.R. China (15.9%), India (7.8%), USA (7.1%) and England (6.4%). Australia collaborates with USA (15.0%), England (6.3%), Germany (5.5%) and Japan (3.4%). Italy collaborates with USA (10.5%), France (6.2%), Germany (5.6%) and England 4.6%).
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Findings and discussion
In this document I developed the fluorine research profile of South Africa and those of four other countries -Germany, Italy, Australia and Italy. Table 10 shows that South Africa is producing a small number of fluorine research publications in comparison to other countries like Germany and Italy which produce orders of magnitude larger number of publications. Furthermore the table shows that not only the absolute number of publications is relatively small but also the share of fluorine publications to the national total is smaller in South Africa than in the other countries. While in Germany fluorine research constitutes 5.6% of the national total and in Italy 4.2% in South Africa the relevant ratio is 2.2%. The activity indices indicate the Scientometrics 78 (2009) extent to which that country's research effort in the field of fluorine corresponds to the five countries average. An activity index bigger than one indicates a higher than average effort dedicated to the field under investigation while an index less than one indicates a smaller than average effort [FRAME, 1977] .The latter finding means that in South Africa fluorine research is underrepresented in the country's research efforts. The figures over a ten year period also show that fluorine research in South Africa is in a relatively flat trend.
The disciplinary characterization of the South African fluorine research identifies that emphasis is placed on life sciences (biochemistry & molecular biology, plant sciences etc.) and that the publications are distributed evenly to a number of scientific fields. In contrast in Malaysia, a country with fewer fluorine publications than South Africa, emphasis is placed in non life sciences and it is focused in a limited number of fields (crystallography 17% and inorganic and nuclear chemistry 10%).
The above findings conform to those of a pluralistic R&D system in the country. Fluorine research in South Africa (like many other scientific specialities/disciplines) is the result of the interests of individual researchers and not part of an orchestrated effort to develop particular lines of expertise and research in the country.
The Universities of Witwatersrand and Pretoria are identified as the most prolific institutions in the country in the field of fluorine research. Even though the article indicates lines of specialisations within the different institutions the small number of publications makes such analyses sensitive to movements and interests of individual researchers.
The Department of Science and Technology has embarked recently in the establishment of a number of research chairs (South African Research Chairs Initiative) in the country's universities in order to strengthen the country's research capabilities. It has been suggested that more than 250 chairs will be established in the course of the next few years. Universities are invited to apply for research chairs within their strategic plans and for a number of chairs in pre-selected directed research areas. Currently the only directed research chairs are in the fields of health technology, nano-technology, indigenous knowledge systems and pebble bed modular reactor (PBMR) related technology.
The small size of South African fluorine research in the country and its disciplinary distribution are indicative of the fact that South African universities do not promote the field of fluorine research. Consequently universities on their own will not apply for fluorine research chairs. It is suggested that if the Department of Science and Technology wishes to implement its plans related to fluorine it will have to introduce fluorine research among the set of the directed research chairs. At least two or three research chairs will have to be introduced emphasising the industrial and other disciplines that will be required for NECSA's expansion plans.
